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Abstract:
The principles of instruments used for detecting and identifying high energy particles are reviewed. Recent progress in tech-
niques and materials is included. A few realizations of detector systems are described.
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1. Introduction
Progress in experimental particle physics has always been closely linked to improvements in
accelerator and detector technology. The search for small or point-like constituents of matter re-
quired the study of scattering and annihilation processes at ever larger center-of-mass energies.
This was achieved either by large fixed-target accelerators, like the 400 GeV Proton Synchrotrons
at CERN and Fermilab and the 30 GeV electron LINAC at SLAC, or by storage rings both for
protons (CERN TSR) and electron—positron pairs (SPEAR and PEP at SLAC, DORIS and PETRA
at DESY, CESR at Cornell). The highest c.m. energy available now is 540 GeV provided by the
antiproton—proton collider at CERN. Progress in accelerator technology includes the invention
of stochastic and electron cooling of antiproton beams and the development of superconducting
pulsed dipole magnets for the 800 GeV Tevatron at Fermilab.
Experiments are based on the ability of the researcher to detect particles produced by these
accelerators or storage rings. The detecting equipment has undergone three major developments
during the past ten years: the size of experiments has been increasing; for fixed-target experi-
ments, this is a natural consequence of the larger momenta of particles involved and the corre-
spondingly larger lever arms for magnetic analysis required. Also, larger target masses were needed
for reactions with small cross-section, as in neutrino physics. For storage ring detectors, the large
size is dictated by the necessity to cover most of the 47r solid angle around the interaction point.
The second development concerns the speed of data acquisition: while pulsed devices like bubble
or spark chambers were limited to 1 —10 recorded events per accelerator pulse, the invention of
proportional and drift chambers has increased this rate by a factor of 100 enabling experiments
with 108 recorded events. In parallel with this goes the third evolution: the increase in complexity
of the detectors. The number of independent analog informations from a large experiment can
reach 1 o~,and after digitization this yields up to 1 0~bits of information for one event from such
a detector. Experiments of this type have become possible because the reliability of the equip-
ment has increased considerably during this time and because fast on-line computers enable per-
manent control and monitoring of the detector.
In spite of the complexity of large experiments, the basic principles of detectors are simple. In
this article, I go through these principles and some of the newer developments, following the list
of physical quantities measured by the detector: position, time, mass, energy and momentum.
2. Position measurement
2.1. Physical processes for detection
The physical processes which enable us to detect particles are different for neutral and charged
particles. Photons can interact by photoelectric or Compton effect or by pair creation, where the
latter process dominates at energies above 100 MeV. The resulting electrons and positrons can be
detected by their electromagnetic interaction. Neutrons of high energy will produce a shower of
hadrons when colliding with detector material, thus enabling the detection of charged second-
aries. Neutrinos interact by weak interaction conserving lepton number, producing hadrons and a
charged or neutral lepton.
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In contrast to these neutral particles, charged particles can be detected directly by their electro-
magnetic interaction with the atomic electrons of the detector material. In these collisions, the
energy loss of a heavy charged particle with mass m > me by ionization is given by the Bethe—
Bloch-formula [BE 30, BE 32, BE 33, ST 71]:
—dE/dx = (47rr~mec2NoZz2/Af32)[ln(2mec2132/((l — 132)1)) 1321
where x is the thickness of material traversed in g cm2, N
0 is Avogrado’s number, Z and A are
atomic and mass numbers of the material, ze and v 13c the charge and velocity of the moving par-
ticle, me the electron mass, re = 2.8 fm the classical electron radius and Ian effective atomic ioni-
zation potential ranging from 13.5 eV in hydrogen to 1 keV in lead. The dependence of this energy
loss on particle velocity is characterized by the 1/132 variation at low energies, by a minimum at
= p/mc 4 and finally at high energies by the relativistic rise by a factor which, for gases, is
around 1.5. Fig. 1 shows this behaviour as measured [LE 78a] in an argon—methane mixture. The
minimum value of the energyloss around fry = 4 is 1.5 MeV/(gcm—
2) for iron and 1.8 MeV/(g cm—2)
for carbon.
The energy loss by ionization is distributed statistically around the mean loss described by the
Bethe—Bloch-formula, the distribution being asymmetric with a tail [LA 44] at high losses due to
6 ray production and distant collisions.
The calculation of the energy loss distribution was first done by Landau [LA 44] and Sternheimer
[ST 52] assuming that the Rutherford term in the cross-section is the only source of the fluctua-
tions and that its behaviour in the region of binding energies is described by a mean ionization
potential. Fig. 2 shows that this model reproduces poorly the measured [HA 73] energy loss dis-
tribution for thin (1.5 cm) gas layers, but that more refined calculations including the shell struc-
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Fig. 1. Ionization energy loss in argon at atmospheric pressure relative to value at j3.y = p/cm 4. Points from [LE 78a] in argon/
5% CH
4 dashed line: calculation of [ST 52]; dash—dot line: [ER 77]; solid line: photo absorption ionization model [CO 75,
CO 76, AL 80].
K. Kleinknecht, Particle detectors 89
jf~\ 3 GeV/c r~ 3 6eV/c ej] \ 1,5cm 1.5 cm
I I
dN
/ p
I It Ill “In - ~Ip ~
.:jI lip[~I L\\ r11 \ \
J/p \ \
Il ri \
~ . I -/1 I
_Jl I I - .1 I I I~ —
012345678 01 2345678
L~KeV ~KeV
Fig. 2. Ionization energy loss distribution for pions and electrons in 1.5 cm of argon: 5% CH~at atmospheric pressure. Data of
[HA 73]. Dashed curve of [LA 44, MA 69], dotted curve of [LA 44, BL 50], solid curve of [AL 80].
ture of the atoms (Photo Absorption Ionization Model, PAl [CO 75, CO 76, AL 80]) give a satis-
factory description of the data. The relativistic rise of the energy loss as measured in fig. I is also
reproduced well by these models, while former calculations gave a rise which was too large by
10—15%.
The average energy needed for creating an electron—ion pair is fairly similar in different gases,
viz. 40 eV/pair in helium and 26 eV/pair in argon, while it is much smaller in solids, e.g. 3 eV/pair
for Si, such that for solids the number of pairs is larger and the statistical fluctuations in energy
loss are smaller. However, the technical problems with the production of large volumes of puri-
fied semiconductors have limited the use of Si- and Ge-counters to low-energy high resolution y
spectroscopy. For detection of charged particles in large area detectors we are left with ionization
in gases, mainly noble gases, and in liquid or solid scintillators converting the ionization energy
loss into visible light.
2.2. Proportional chambers
Proportional tubes had been used since a long time. A cylindrical tube (radius ra) on negative
potential and a central wire (radius r1) on positive potential create an electric field of the form
E(r) = V0/(r ln(ra/rj))
which reaches 1 0~—1 0~V/cm near the anode wire. An electron liberated in an ionization process
gains the kinetic energy z~T between two collisions at radial distances r1 and r2
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Fig. 3. Field configuration in a proportional chamber; field and equipotential lines are drawn ECH 70bj.
~T-efE(r)dr,
and if L~Texceeds the ionization energy of the gas atoms, a secondary ionization can take place.
A chain of such processes leads to an avalanche of secondary electrons and ions. The number of
secondary electrons per primary electron (gas amplification a) reaches 104_106 in the propor-
tional region, where a is independent of the number of primary electrons.
The field configuration in a proportional chamber with many anode wires in a plane between
two cathode planes is shown in fig. 3. The discovery of Charpak et al. [CH 681 was that these sep-
arate anode wires act as independent detectors. The capacitive coupling of negative pulses from
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Fig. 4. Shape of the ionization avalanche in a high electric field [LO 61].
one wire to the next is negligible compared to the positive pulse on the neighbour wires induced
by the moving avalanche. The main contribution does not come from the fast-moving electrons
but from the much (1000 times) slower ions in the drop-shaped avalanche (fig. 4). The time struc-
ture of the negative pulse induced on the anode wire by the avalanches has been clarified subse-
quently [Fl 75]. It consists of several pulses induced by different avalanches created by different
primary ionization electrons drifting one after another into the high field region near the anode
wire. These pulses have typically a rise-time of 0.1 ns from the electron part and a decay time of
30 ns from the ion part of the avalanche. Fig. 5 shows an oscilloscope picture with a time resolu-
tion sufficient to resolve these separate pulses, which in normal applications are integrated into
one pulse by slower amplifiers.
As a practical example for operating proportional chamber systems, one of the first spectrome-
ters with large chambers [SC 711 used a wire distance of 2 mm, gold-plated Tungsten wires of 20
~tm, a gap between signal wires and cathode plane of 6 mm and an argon—isobutane gas mixture.
The amplifiers [CU 71], based on MECL 1035 chips, had a threshold of 200 pV on 2 k~2and an
effective resolving time of 30 ns. The detection efficiency for this system, shown in fig. 6, allows
operating at full efficiency at 4.3 kV with a 40 ns sensitive time, i.e. the gate for the wire signals
was opened by an external trigger forthis time interval. The space resolution for this wire distance
is a ‘-~ 0.7 mm.
One of the problems encountered in large chambers is the mechanical instability of the signal
wires due to the electrostatic force between wires. It can be calculated [TR 691 that the system is
stable if the wire tension T exceeds a value given by the wire geometry
T> (Vl/2 ira)24ire0
where V is the potential difference between anode and cathode, 1 is the length of the signal wire,
and a is the gap between wire and cathode plane. For the example above, with a wire tension of
50 p, the wires are stable for 1  60 cm. This means that for larger chambers the wires have to be
supported every 60 cm by support wires threaded across, or by other methods. An inefficiency
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b) 
avalanche. 
Fig. 5. (a) Oscilloscope display of proportional chamber pulse showing separate avalanches. (b) Pulse shape as simulated by com- 
puter [FI 751. 
of 10% in a region of 5 mm width around the support wire is a consequence of some of these 
schemes [KL 701. 
An enormous increase in spatial resolution of proportional chambers can be achieved by using 
the information from pulses induced on the cathode plane [RA 74, CH 78aI. For this purpose, at 
least one of the cathode planes is made of strips perpendicular to the direction of anode wires 
(see fig. 7). The pulses induced by the avalanche on the individual strips vary with the distance of 
the strip from the avalanche, and the center of gravity of the integrated pulse heights is a measure 
of the avalanche position. Fig. 8 demonstrates the precision which can be obtained with this 
center-of-gravity method. A soft X-ray produces ionization at three positions separated by 200 
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Fig. 6. Detection efficiency of a proportional chamber (2 mm wire distance, 2 X 6 mm gap) vs. high voltage for different gate
opening times [SC 71].
jim. The center of gravity y of each avalanche and the integrated charge c are measured, and the
distribution in y shows three peaks with a variance of 35 jim. Most of this resolution error comes
from the range of the original photoelectron. This impressive accuracy, however, is achieved with
a detector where both mechanical construction and electronic pulse-height processing is costly.
7/
Fig. 7. Principle of cathode readout for proportional chambers. The center of gravity of the induced charges on cathode strips (b)
determines the position of avalanche (a), [CH 78a].
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Fig. 8. Spatial resolution of a proportional chamber exposed to a 1.4 keV X-ray beam at 3 positions, 200 w apart; plotted is total 
charge on cathode vs. center of gravity [ CH 78a]. 
2.3. Planar drift chambers 
A great reduction in cost is possible by using the experimental fact [CH 70aI that the time 
delay between the crossing of a charged particle through a proportional chamber and the creation 
of a pulse on the anode wire is related to the distance between particle trajectory and anode wire. 
This delay was found to be of the order of 20 nsec/mm, and if this time is measured for each 
anode wire with an accuracy of 4 nsec, a spatial resolution of 200 pm can be obtained. 
The invention of the drift chamber [CH 70a, WA 711 exploits this possibility. A scetch of the 
field configuration in one cell of a drift chamber is shown in fig. 9. The electrons from the prima- 
ry ionization process drift in a low field (1000 V/cm) region into the high field amplification re- 
gion around the anode wire, where avalanche formation occurs. Typical drift velocities for differ- 
ent gases are shown in fig. 10 for various argon-isobutane mixtures [BR 741. For some of the 
mixtures, the drift velocity depends only mildly on the field strength, thus enabling a linear rela- 
tion between distances and drift time even without constructing a perfectly constant field in the 
drift region. This is important because the requirement of a constant drift field necessitates the 
introduction of several field shaping wires per cell. An example for such a cell [MA 771 is shown 
in fig. 11, where the cell dimensions are 60 X 30 mm ?. The linearity between drift time and dis- 
tance for this chamber is shown in fig. 12. 
NEG.%i%TIAL NEG.ENTlAL 
Fig. 9. Equipotential ines in a drift chamber cell. 
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Fig. 12. Linear relation between drift time and position [MA 77].
2.4. Cylindrical wire chambers
For storage ring detectors, cylindrical geometries matched to solenoidal magnetic fields (Br
= Bc1, = 0, Bz ~ 0) have been widely used. These central detectors aim at the measurement of cur-
vatures and initial directions of tracks emerging from the interaction point (fig. 13).
The first detectors of this kind used cylindrical layers of proportional chambers (see 2.2) or
spark chambers (see 2.7) to determine the (r, ~,)trajectory of the tracks (fig. 13). The wires are
strung parallel to the B field, the E field is radial, but the displacement in I~of the avalanches due
to the Lorentz force is small due to the small drift space to the anode wire.
For the next generation of central detectors, cylindrical drift chambers were used. Here the
detector has up to 20 cylindrical layers of drift cells with electrical drift field in the rIp-plane (fig.
13). In order to save wires, the cells are open in the radial direction, but closed by at least 3 p0-
tential wires in the p direction. Approximately half of the sense wires run exactly parallel to the
B field, the others are inclined by a stereo angle (e.g. ±4°)relative to this axis in order to enable
reconstruction of the z position of the tracks.
An example for such a central detector is the TASSO chamber [BO 80]. The drift cell (fig. 14)
is radially open, the wires are 3.5 m long. The 1 5 chamber layers extend over 85 cm radial track
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Fig. 13. Different types of cylindrical wire chambers; (a) proportional chambers, (b) cylindrical drift chambers, (c) pictorial drift
chambers, (d) time projection chamber.
~
Potential Wires: 120pm0
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Fig. 14. Geometrical arrangement of wires in the TASSO wire detector [BO 80]. Dimensions are in mm.
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Fig. 15. Hadronic event produced by e~e collision at 30 GeV c.m. energy in the TASSO wire detector, seen along the beam direc-
tion [BO 80].
length, 6 of these are equipped with ±4°stereo wires. The resolution achieved was  200 jim in
the (r, Ip) plane and 3—4 mm in the z direction. Fig. 15 shows the (r, Ip) view of a hadronic event
at 30 GeV c.m. energy recorded by the TASSO detector. Another example with a closed cell
structure is the ARGUS drift chamber, shown in fig. 16 [WE 811. Here the drift velocity is nearly
radially symmetric around the sense wire, such that the geometrical position of all hits with a
fixed drift time is a cylinder around the sense wire. This facilitates pattern recognition for tracks.
2.5. Pictorial drift chambers
This type of chamber records many (2 50) three-dimensional points along the charged particle
track. This measurement of true space points is very instrumental for the reconstruction of events
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Fig. 16. Geometry of wires, lines of constant drift time and drift paths in one cell of the ARGUS detector for a 0.9 T magnetic
field parallel to the wires [WE 81].
fletd%\ a
Fig. 17. Cross-section through two segments of the jet chamber of the JADE detector. Length of drift path d, Lorentz angle a
[DR80, WA 81b].
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with a high density of tracks. The first such pictorial chamber was built for the JADE detector at
PETRA [BA 79, DR 80]. Here the cylindrical volume of the track detector is subdivided into 24
radial segments of 1 5°opening angle. In each segment (fig. 1 7), there are 64 sense wires parallel
to the magnetic field, arranged in 4 cells of 16 wires, i.e. a total of 1 536 sense wires of 234 cm
length. The electric field is perpendicular to the sense wire plane, and therefore also to the mag-
netic field. Due to the longer drift length compared to normal cylindrical drift chambers, the
effect of the Lorentz force eu X B becomes noticeable here.
It leads to a deviation of the direction of the drift velocity UD from the direction of the electric
field E by an angle aL given approximately by the ratio of magnetic and electric forces, tan aL =
k(E) UDBIE [WA 81b], which in the JADE chamber at B = 0.45 T and 4 atm. pressure is 18.5°.
The factor k(E) depends on chamber gas and electric field [SC 80]. Due to the Lorentz force, the
lines of equal drift time in the neighbourhood of the sense wire plane in the JADE chamber are
rather complicated (fig. 18). Fig. 19 shows the (r, Ip) projection of a two-jet event at 35 GeV c.m.
energy. Up to 48 samplings per track are recorded and can be used for a measurement of the ioni-
zation energy loss. The z coordinates along the wires are obtain’ed by charge division on the two
ends of the wires with a precision of 1 .6 cm.
The principle of the pictorial chamber was also used in the AFS [CO 81] and the UA 1 [BA 80]
central detectors (see 5.3).
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Fig. 18. Trajectories of drifting electrons (full lines) and lines of equal drift times (dashed) for the JADE field configuration [DR
80,WA 81b].
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Fig. 19. Hadronic event produced by e~ecollision at 30GeV c.m. energy in the jet chamber of the JADE detector. Hits assigned
to a track are shown as crosses, remaining hits axe dashes [DR 80].
2.6. Time projection chamber
An ingenious way of using the proportional and drift chamber principles for the central detec-
tor of a storage ring detector was proposed by Nygren [NY 74, NY 81]. Fig. 20 shows a large
(1 m radius, 2 m length) cylindrical volume filled with argon—methane at 10 atmospheres. The
two endcaps are equipped with one layer of multiwire proportional chambers subdivided into six
sectors. Each of the sectors has 186 proportional signal wires for multiple ionization measurement
and 1 5 wires with segmented cathode readout (“pads”) for the spatial measurement of radius r
and peripheral angle ~pin the cylinder coordinates (fig. 21).
Most importantly here, the electric drift field (150 kV/m) is parallel to the magnetic field (1.5 T)
of the solenoid used for magnetic analysis of tracks originating from the collisions in the center
of the cylinder. E X B type forces vanish, and it is possible to have the ionization electrons drift
over large distances to the end caps. Furthermore, the strong magnetic field reduces considerably
(factor 10) the diffusion broadening of the track image on the end caps of the cylinder by causing
helical movements of the electrons around the magnetic field lines.
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192 dEldx wires per sector
Beam pipe 12 spatial wires per sector
Fig. 20. Scetch of time projection chamber [MA 78].
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Fig. 21. Principle of cathode readout by pads used in TPC [FA 79].
K. Klein knee/it, Particle detectors 103
~~~ALUMINUM
PADS4 ~ANODE /
ANODE SIGNAL
DISCHARGE
~CATHODE SIGNALS
PAD READOUT
Fig. 22. Section ofTRIUMF TPC showing pads and anode wires [HA 81a].
The spatial reconstruction of the original tracks is obtained by measuring the two-dimensional
images on the endcaps using the cathode plane readout and the center-of-gravity method and by
measuring the drift time of each track segment parallel to the cylinder axis. In addition, the pro-
portional chambers also measure the ionization energy loss of the track, thus enabling the separa-
tion of e, iT, K and p by using dE/dx and momentum measurement.
Measurements on a small test chamber gave an (r, p) resolution of less than 200 jim and a z res-
olution along the drift path of 0.2 mm [FA 79, NY 81]. Initial tests on the big chamber have not
yet reached this precision. A similar and less ambitious TPC has been built and tested at TRIUMF
[HA 81 a]. Hexagonal endcaps with 12 sense wires per sector measure the space position of tracks.
At atmospheric pressure for 80% Ar 20% CH
4 and with an electric field of 150 V/cm the ratio of
electric field over pressure is 0.2 V/(cm Torr), the same as in the Berkeley TPC. The arrangement
of the cathode pad readout shown in fig. 22 allows a precision of 120 jim along the anode wire.
Preliminary initial tests gave a spatial resolution of 600 jim.
2. 7. Bubble chambers
The bubble chamber [GL 52, GL 58, FR 551 consists of a pressure vessel filled with liquified
gas around the boiling temperature. By an expansion mechanism, the pressure on the liquid is re-
duced for a short time (—ms). The liquid then becomes unstable against bubble formation, and if
during the expansion time a charged particle forms a track of ionization in the liquid, bubble for-
matjon starts at this track. After a time left for bubble growth (jis—ms), the track is illuminated
and photographed through windows in the vessel. With the chamber embedded in a magnetic field
104 K. Kleinknecht, Particle detectors
Table 1
Physical properties of bubble chamber liquid
Liquid Temp. Pressure Density Expansion Rad. length Absorption
(K) (Bar) (g/cm3) ratio iSV/V X0 (cm) length X (cm)
(%)
4He 3.2 0.4 0.14 0.75 1027
26 4.0 0.06 0.7 1000 887
30 4.5 0.14 0.6 900 403
20Ne 36 7.7 1.02 0.5 27 89
131Xe 252 26 2.3 2.5 3.9
C
3H8 333 21 0.43 3 110 176
CF3Br 303 18 1.50 3 11 73
Ar 35 25 1.0 1.0 20 116
of up to 30 kG, the track curvature is used for momentum measurement, and the bubble density
b can be used for a measurement of the velocity v !3c and thus the mass of the particle [GL 581.
Chamber liquids range from hydrogen as a pure proton target, deuterium for study of interac-
tion on neutrinos up to xenon for experiments which need a high conversion probability for ‘y
rays. Table 1 gives some properties of chamber liquids [BE 77, HA 81b, WE 81b].
The bubble chamber is still unique in its capability of analyzing complicated events with many
tracks and identifying those particles. A beautiful example for such a super-event is shown in
fig. 23. However, the use of bubble chambers as isolated detectors has diminished because 1) they
cannot be employed at storage rings; ii) at high energy, showers are not contained in the chamber
volume any more except if the chamber is a hybrid of calorimeter andbubble chamber techniques,
which seems to be possible using liquid argon [HA 82] ; iii) the lever arm for momentum measure-
ment is not sufficient at high momenta. Future use will include small chambers with extremely
high resolution, e.g. the 8 jim resolution obtained [DY 81, MO 80] by holographic readout in the
BIBC chamber at CERN (fig. 24). Such chambers will be used in conjunction with large spectrome-
ters for momentum measurement and identification of reaction products (“hybrid systems”).
2.8. Streamer chambers
In a similar development streamer chambers are used as track sensitive targets. In this type of
chamber electric fields above 50 kV/cm perpendicular to the track direction create an avalanche
with gas amplification around 108 and light emission (“streamer”). The geometry of such a
chamber is given in fig. 25. Very short high voltage pulses (few nsec) are required in order to keep
the streamers short [SC 79, RI 74].
The excellent quality of streamer chambers presently in use can be seen in fig. 26, a picture
from the NA5 experiment at CERN [NA 51. The development ofavery high resolution streamer
chamber has been pioneered at Yale [DI 781 in order to measure the lifetimes of charmed par-
ticles, around l0’~ sec, corresponding to a flight path of 300 jim for a time dilatation factor
y = 10 which is typical for a particle of 30 GeV/c with a mass of 3 GeV. This chamber operates at
24 atmospheres, uses pulses of 0.5 nsec duration producing a field of 330 ky/cm, and a spatial
resolution of 32 jim has been achieved [SA 80]. With this technique a good measurement of
charmed particle lifetime seems feasible, competitive with similar experiments using nuclear
emulsions.
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Fig. 24. Holographic photograph of a 15 GeV 1r interaction in a small freon bubble chamber BIBC. Bubble size is 8 ~im[DY 81].
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Fig. 25. Schematic view of streamer chamber [SC 79].
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Fig. 26. Interaction of a 300 GeV ir in a liquid hydrogen target as seen in a streamer chamber of dimensions 200 X 120 X 72 cm3[EC 80].
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2.9. Flash and spark chambers
Another gas discharge chamber is the flash chamber developed by Conversiet al. [CO 55, CO 78 1
and built in a similar way for the FMNN neutrino experiment at Fermilab [TA 78]. The chamber
consists of an array of rectangular tubes made of polypropylene by extrusion. This array is placed
between two metal electrodes and filled with a neon (90%)—helium (10%) mixture (fig. 27). A
triggered HV pulse is applied on the electrodes generating a glow discharge in those cells where
ionization has been induced by passing particles. This discharge can be recorded by photograph-
ing or by electronic readout. The flash chamber reaches an efficiency of 80%. Due to the extreme-
ly low cost, large volume calorimeters with fine grain sampling can be built.
The spark chamber has been used widely as a triggered track detector. A set of electrodes or
massive plates is inserted in a noble gas volume (typically He/Ne) at atmospheric pressure. The
plates are alternatingly connected to a pulsed HV supply or ground. After the passage of an ioniz-
ing particle, a HV pulse is triggered via a spark gap, causing a spark break-through at the place of
the initial ionization but parallel to the electric field (fig. 28). For chamber gases at atmospheric
pressure, the magnitude of the pulsed electric field has to be 10—20 kV/cm in order to generate
sparks.
The spark position is recorded optically or by magnetostriction. Here the electrodes of the
chamber consist of wire planes, and a magnetostrictive wire (made of a Co—Ni—Fe-alloy) running
across these wires picks up a signal induced by the spark current pulse on the HV or ground wires.
The magnetostrictive wave travels along the Co—Ni—Fe-wire with a speed of 5000 rn/s such that
its arrival time at the end of the magnetostrictive wire measures the spark position. A precision of
FLASH CHAMBER GAP
Al ELECTRODES
~5mm ‘ k
POLYPROPYLENE
GAS MANIFOLD
Fig. 27. Part of flash chamber made of extruded polypropylene [TA 78].
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Fig. 28. Principle of spark chamber; PM photomultiplier, F pulseshaper, C coincidence unit, V amplifier, SG spark gap.
200 jim is obtained. The large amount of charge in the spark plasma requires a long time (—~2ms)
for clearing before the chamber can be triggered again [RI 74, AL 69].
2.10. Comparison of position detectors
The parameters to be compared are space and time resolution and rate of data acquisition.
Table 2 gives typical values, where “dead time” for pulsed detectors means the time needed before
a new trigger can be allowed to pulse the detector, and “sensitive time” is the time during which
incoming particles are registered whether they are correlated or not with the event causing the
trigger. Time overlay of different events can only be avoided if the mean time interval between
events is large compared to this sensitive time.
Proportional and drift chambers are best suited for precise recording at high data rates, while
the pulsed bubble and streamer chambers still have the potential for optimum space resolution
and multitrack analysis. The flash chamber, because of its low price and simple construction, may
well find application in very large detectors using fine-grain calorimetry, e.g. for low-rate experi-
ments like proton decay and neutrino experiments.
Table 2
Properties of position detectors
Type of Space reso- Deadtime Sens. time Readout Advantages
chamber lutions (Mm) (ns) (ns) time (ns)
normal special
Prop. chb. 700 100 — 50 i03—i04 time resolution
Drift chb. 200 50 — 500 i03—i04 space resolution
Bubble chb. 100 8 108 106 — complex events
Streamer chb. 300 30 108 iO~ multiple tracks
Flash chb. 4000 2000 iO~ i03 106 price
Spark chb. 200 i0~ i03 106 simplicity
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3. Time measurement
3.1. Photomultiplier
The main instrument for obtaining time information on a particle is the photomultiplier tube.
Visible light from a scintillator liberates, by photoelectric effect, electrons from a photocathode
made of alkali metals. For bialkali cathodes of Cs—K—Sb, the quantum efficiency reaches [VA 701
a maximum of 25% around 400 nm (fig. 29). In tubes of the linear-focussing type, the photoelec-
trons are then focussed on the first dynode consisting of materials like BeO or Mg—O—Cs. With
secondary emission yields of 3—5 per incident electron, amplification of 108 for 14 dynode stages
can be achieved. The risetime of the anode pulse is around 2 ns, the transit time is typically 40 ns.
The spread in the transit time (“time jitter”) through the photomultiplier is mainly given by
the variation of transit time of the photoelectron from the cathode to the first dynode. There are
two effects, the broad velocity distribution of the photoelectrons and their different path lengths
from different parts of the cathode to the first dynode. The photoelectron kinetic energy spec-
trum for bialkali cathodes illuminated by light of 400—430 nm wavelength extends [NA 701 from
0 to 1.8 eV peaking at 1.2 eV. For an electric field of E = 150 V/cm, the difference ~ in transit
time between a photoelectron initially at rest and another one of kinetic energy Tk 1 .2 eV is
~
Nkr Etitti - ~ J~tr~ttmim~i
H Tu ~ ~‘.-1Th1TTTTTflmTnTm
(mA/W)flLLjI ~ . - —-
-lU(S73)
T(S20) . .
AfSlI) . - . .
* :::i.:.L. i:...
C(S1) I
161 L~IJJ L~1 . .~ .200 400 600 800 1000 X(nm)
Fig. 29. Spectral sensitivity NKr (mA/W) and quantum efficiency nq(%) for photocathodes; TU and U types have quartz window,
others glass window [VA 70].
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Fig. 30. Microchannel plate and principle of multiplication [DH 77].
= (2mTk)”2/(eE) 0.2 ns. The other effect contributing to the transit time jitter, the geomet-
rical path length variation from cathode to first dynode, depends mainly on the cathode diameter.
For a diameter of 44 mm, it is 62 = 0.25 ns and 0.7 ns for the tubes XP2020 and XP2232 B, re-
spectively [PH 78]. This seems to be the ultimate limitation in time resolution for conventional
photomultipliers.
In microchannel plate multipliers, the paths of photoelectrons are straight channels (fig. 30).
This reduces the transit time jitter by a factor of two compared to conventional multipliers; a
jitter of 0.1 ns has been measured [LE 78b1.
3.2. Scm tillators
A scintillation counter has two functions: the conversion of the excitation caused by the ioni-
zing particle into visible light and the transport of this light to the photocathode.
The mechanism of scintillation FBI 641 is completely different for anorganic crystal scintilla-
tors and for organic crystal, liquid or polymeric scintillators.
For anorganic crystals doped with activator centers, the energy level diagram looks qualitative-
ly as shown in fig. 3 1. Ionizing particles produce free electrons, free holes and excitons. These
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Fig. 31. Energy band structure in anorganic crystals.
move inside the crystal until they reach an activator center A, which they transform into an ex-
cited state A~decaying to A with emission of light. The decay time of scintillation light is then
given by the lifetime of the unstable state A* and depends on temperature like exp(—E1 /kT),
where E1 is the excitation energy. Typical data for such crystals ar~given in table 3.
Organic scintillators, on the other hand, have very short decay times of order nanoseconds.
The scintillation mechanism here is not a lattice effect, but proceeds through excitation of molec-
ular levels which emit bands of UV light. The absorption length of this UV light in most transpar-
ent organic materials is short, of order mm, and the use of these scintillators is possible only
through fluorescence excitation in a second molecule, called wavelength shifter. The emission of
this shifter material is usually chosen to be in the blue wavelength region detectable by photo-
cathodes. These two active components in a scintillator can be solved in liquids or in a monomeric
substance being polymerized subsequently. Two parameters determine the figure of merit for
such a scintillator: the light yield and the absorption length in the scintillator.
Table 4 gives structure, wavelength of maximum emission and decay time for a few primary
scintillators, as well as for two wavelength shifters [BE 71]. For polymerizing plastic scintillator,
either aromatic compounds (styrol, vinyltoluene) or alifatic ones (acrylic glasses, “plexiglass”) are
used. The aromatic ones yield about twice as much light, but the alifatic ones are less expensive
and much easier to handle mechanically.
In order to achieve a good energy resolution in large calorimeters, it is very important to obtain
uniform response of a long but thin scintillator over its entire length even when the scintillator
light is viewed by a photomultiplier from one end only. The observed attenuation of light from
the far end is mainly due to the absorption of the short-wavelength part of the POPOP emission
Table 3
Properties of scintillating anorganic crystals
NaJ (Tl) LU (Eu) CsJ (Tl) BL~Ge3012
Density (g/cm
3) 3.67 4.06 4.51 7.13
M lting point (°C) 650 450 620
Decay time (jJsec) 0.2 1.3 1 0.35
Pulse height for electrons 1.0 0.35. 0.28 0.08
Xmax (emission) (nm) 410 470 550 480
Radiation length (cm) 2.5 1.12
Physical properties hydroscopic hygroscopic non hygroscopic
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Table 4
Organic scintifiators and wavelength shifters
Primary Structure Xmax Decay Yield/
scintillator emis. time yield
(nm) (ns) (NaJ)
Naphthalene 348 96 0.12
Anthracene ~JJJ 440 30 0.5
p-Terphenyl ~ 440 5 0.25
PBD ~ 360 1.2
Wavelength
shifter
420 1.6
bis-MSB ~CHcH~cHcH~ 420 1.2
spectrum, as shown [KL 81b] in fig. 32. In order to obtain a more uniform response it is there-
fore possible to filter out the short wavelength part. The effect of a filter at 430 nm can be seen
in fig. 32: the light yield at the end of the scintillator near to the photomultiplier is diminished
drastically, while the one from the far end is influenced much less.
Still, by using the filter, light is lost, and it is interesting therefore to search for an acrylic scm-
tillator with long attenuation length and higher light yield than commercially available. One new
mixture found [KL 81b] recently contains 3% naphthalene, 1% PBD and 0.01% bis-MSB. The at-
tenuation curves for a scintillator of this material with size 1800 X 150 X 5 mm3 are shown in
fig. 33. The attenuation length with black end and filter is A = 210 cm, and the light yield at 160
cm from the photomultiplier side is 20% higher than the one for the commercial mixture plexi-
glas 1921 (1% naphthalene, 1% PBD, 0.01% POPOP). This new scintillator is used therefore for a
new neutrino calorimeter of the CDHS collaboration (fig. 77).
Important developments of low cost scintillators have been done at Saclay [BO 811 for experi-
ments at the proton—antiproton collider at CERN. Two new groups of scintillator material have
been developed: i) the KSTI line based on polystyrene material which can be extruded between
two polished rolls; it has 80—100% of the light output of the PVT-scintillator NE1 10, an attenua-
tion length of 80 cm for sheets of 3 mm X 200 mm cross-section and a decay time of 3 ns, how-
ever careful handling is required as for other aromatic scintillators; ii) the Altustipe series based
on polymethylmetacrylate (PMMA) with similar properties as Plexipop, i.e. 20—50% of the light
output of NEllO, and attenuation lengths of 1.0—1.5 m.
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Fig. 33. Attenuation curves in a scintifiator of dimensions
Fig. 32. Wavelength spectrum oflight produced at near end 1800 X 150 X 5 mm3 without filter, reflecting end (fuli
or far end of scintillator (type plexiglas 1922, 180 cm long) dots), black end (open circles); with yellow filter, reflecting
with and without yellow filter at 430 nm [KL 81b]. end (triangles), black end (squares), [KL 81b].
3.3. Light collection
The traditional way of collecting light from a scintillator is the adiabatic light guide. The (blue)
scintillation light travels down the scintillator plate by multiple internal reflection. The usually
rectangular radiating surface with cross-section F is imaged onto the photocathode surface f by
means of bent transparent plastic rods or strips such that the radius of curvature of the rods is
large compared to their thickness. In this way it can be avoided that light hits an internal surface
under an angle larger than the one of total reflection. The amount of light reaching the photo-
cathode is less than f/F due to Liouville’s theorem.
The time resolution of direct-coupled scintillation counters comes from two sources: the transit
time jitter of the photomultiplier and the time difference between different light paths in the
scintillator and light guide. The latter contribution depends mainly on the scintillator dimensions
and dominates for large ( 2m) counters, as shown by the data in fig. 34. For large counter sys-
tems, a resolution below a~ 200 ps has not been achieved.
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Fig. 34. Comparison of r.m.s. time resolutions of scintillation counters vs. the r.m.s. transit time spread in the photomultipliers
used. Small scintillators with dimensions below 1 cm are compared to long scintillators (length —2 m, thickness 2—5 cm, width
20—40cm), [CA81b].
An alternative method, due originally to Garwin [GA 60, SH 51], has been revived recently for
applications in large-scale calorimetry [BA 78, SE 79]. The principle is shown in fig. 35: blue light
from the wavelength shifter (e.g. POPOP) leaves the scintillator and enters, through an air gap, a
second shifter bar. This rod is made of acrylic material doped with a molecule (BBQ, e.g.) absorb-
ing the blue light and emitting isotropically green light (around 480 nm, see fig. 36). A part (10—
1 5%) of the green light is catched by the shifter bar by internal reflection and reaches the photo-
PM — — — —~ green shifter bp~~jAir gap
emi~%:ed blue
7~~NIGj~J
Fig. 35. Principle of wavelength shifterbar technique.
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Fig. 36. Absorption and emission spectra of BBQ.
multipliers looking at the end of the bar. The main problems in developing this technique were i)
to find the appropriate shifting material matched to the POPOP emission spectrum and the photo-
cathode spectral sensitivity; ii) to find a way of optimizing the self-absorption in the green bar.
These problems were solved [BA 781 by taking a 90 mg/Q concentration of BBQ in plexiglas
218. The product now is commercially available and has found wide application in large experi-
ments.
The thickness of the green shifter bar needed for absorption of the POPOP light can be obtained
from fig. 37, where the intensity of BBQ emission has been measured [KL 8lal as a function of
thickness of the green bar. An absorption length of A = (5.2 ±0.2) mm is obtained for the BBQ
concentration mentioned.
The shifter bar technique can be used to collect the light from very large scintillators with a few
photomultipliers. One example is the CFR neutrino calorimeter [BA 78] with counters of 3 X 3 m
~1~2b364~ I
D/mm
Fig. 37. Measurement of absorption length of POPOP light in BBQ [KL 81a].
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Fig. 38. Deviation of reconstructed position of a shower of 100 equiv. particles from real position; r.m.s. deviation o~ (7.3 ±0.1)
cm, o, = (7.6 ±0.1) cm [KL81a].
viewed by 4 phototubes at the corners. These 4 pulseheights can be used to calculate the centerof
gravity of a shower of particles. Fig. 38 shows results of a measurement done with a 150 X 300 X 1.5
cm3 acrylic scintillator viewed in this way. The position of a shower with 100 equivalent particles
can be reconstructed with an accuracy of a ‘— 8 cm [KL 81 a]. This method, therefore, has the ad-
vantage of allowing to save photomultipliers, save mechanical work for light guides and permitting
a measurement of the position of a shower of particles. It does not, however, permit to disentangle
several showers.
One disadvantage of the wavelength shifter BBQ is its two-component decay time with lifetimes
[KL 81 a] of 18 ns and 620 ns, which causes timing difficulties when measuring pulseheights.
3.4. Planar spark counters
These counters consist of two planar electrodes generating an electric field above the static
breakdown, i.e. at a ratio of field strength E to gas pressure p of E/p —‘ 30—60 V/(cm Torr). The
primary ionization of a passing charged particle develops into a spark, and the large current drawn
by this spark can be recorded as a fast rising pulse. In counters with metallic electrodes [KE 48]
the spark discharges the total capacity of the plates, leading to high temperatures and burning of
the electrodes. The damaged surface gives spontaneous breakdowns at lower fields. A possibility
of avoiding this deficiency consists in using material with high resistivity (a = 1 0~—10’°~2cm)for
one of the electrodes [BA 56] The spark then only discharges a small area of the condensor
around the primary ionization, leading to a lower energy density in the spark. Fig. 39 shows a
schematic of such a counter with copperstrip readout on the semiconducting anode. The imped-
ance of this strip line can be matched to the readout cable. Counters are operated with argon at
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Fig. 39. Schematic view of a typical planar spark counter [BR 81].
5—10 atmospheres, adding hydrocarbons (isobutane, ethane, 1 .3-butadien) in order to absorb UV
photons from the spark thus avoiding secondary sparking [BR 811.
The time jitter of the signal, 6, depends on the electric field E and the number of primary ions
N, like 6-~-l/(E~~/7~).Measured values [BR 811 are 6 30—80 ps for counters of 10 X 10 cm2
area having detection efficiencies of > 95%. The distribution of the time difference between two
parallel spark counters is not quite gaussian, showing broad tails (fig. 40).
Despite the excellent timing characteristics of these counters, wide application is not yet fore-
seeable because of the extreme difficulties in manufacturing and maintaining the high-quality
surfaces.
300
EVENTS G = 62 ps 72 kV
200
:i .{~\ .
1000 1500 2000
At(ps]
Fig. 40. Distribution of time difference oftwo planar spark counters. A gaussian is fitted to the histogram in the region where the
curve is drawnas solid line [BR 81].
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4. Identification methods
4.1. Time-of-flight
The identification of charged particles through their flight time between two scintillation coun-
ters requires, for momenta above I GeV/c, very good time resolution and quite long flight path.
The time difference between two particles with masses m1 and m2 is for a flight path L
= L/(131c) — L/(132c) = (L/c)(’Jl + m~c
2/p2— \/l + m~c2/p2),
which for p2 ~ m2c2 becomes i~t~— (m~— m~)Lc/(2p2).Fig. 41 shows flight time differences
between pairs of charged particles. Using conventional scintillation counters (section 3.3) with a
time resolution at = 300 ps, 7r/K separation at the level of 4a~would require a flight path of 3m
at I GeV/c and 12 m at 2 GeV/c. If parallel plate spark counters would come into operation, the
required flight path would be reduced to 0.5 m or 2 m, respectively.
For this method of identification, therefore, at present a very long flight path is needed.
4.2. Cherenkov counters
Cherenkov radiation [CE 64] is electromagnetic radiation emitted by charged particles of ve-
locity u traversing matter with refractive index n if v> c/n. The classical theory of the effect attri-
butes this radiation to the asymmetric polarization of the medium in front of and behind the
charged particle resulting in a net electric dipole moment varying with time. The radiation is
emitted at an angle 0, where cos 0 = (ct/n)/(j3ct) = l/(13n). The threshold for Cherenkov-effect,
~3> 1/n, corresponds to a threshold in the ‘y factor of the particle,
y> l/sjl — I/n2
Typical refractive indices and threshold values are given in table 5. Unfortunately there is a gap in
~ ~0~
p (GeV/c)
Fig. 41. Differences of time of flight t
1 — t2 of particle pairs eli, irK and Kp for a flight path of 1 m.
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Table 5
Cherenkov radiators
Material n — 1 .y (threshold)
Glass 0.46—0.75 1.22—1.37
Scintillator (toluene) 0.58 1.29
Plexiglass (acrylic) 0.48 1.36
Water 0.33 1.52
Aerogel 0.025—0.075 4.5—2.7
Pentane (STP) 1.7 X it13 17.2
CO
2 (STP) 4.3 X 10~ 34.1
He (STP) 3.3 X i0~ 123
the refractive indices between the gases with highest index (pentane) and practical transparent
liquids with lowest index. The development of silica—aerogel [CA 741 consisting of n(Si02) +
2n(H20) has closed this gap and permits a velocity measurement in the range of ‘y -~ 3—5, where
the specific ionization is nearly constant.
Large scale production of silica—aerogel with n = 1.03 and n = 1.05 in blocks of 18 X 18 X 3
cm
3 is now possible [HE 81]. The Cherenkov light has been collected by cylindrical mirrors
[CA 81a] or by a diffusor box [AR 81] behind the aerogel block (fig. 42) and recorded by photo-
multipliers. 6—12 photoelectrons have been obtained from a 15—18 cm long radiator of this
material (n = 1.03).
PM SIDE VIEW
— ~ _\_j
18 TOP VIEW
XAxis
~L~J-~L-?~~
14°2O
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Fig. 42. Silica—aerogel counters used in EMC experiment. Particles incident from left on aerogel, diffusing box covered internally
with mililpore filter [AR 81].
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From the relation cos 0 = l/(13n) follows that the maximum Cherenkov angle becomes smaller
ifn approaches unity. The energy radiated per path length in the radiator is
dE 2irah 1’ / 1 \
—,~--——~-- j
U.) c ~n>l f3n
with a being the fine structure constant, a = 1/137. This leads to the number of photons N emit-
ted over a path length L in the wavelength interval A1 to A2
X2
N = 2iraL f dA sin2 0/A2XI
For a detector sensitive in the visible region A
1 = 400 nm, A2 = 700 nm, this corresponds to N/L
= 490 sin
2 0 photons/cm. Evidently, the detection of UV-light can increase this yield by a factor
of 2—3.
The length of Cherenkov threshold detectors needed for separation of particles of momentum
p increases as p2: suppose two particles with masses m
1 and m2> m1 have to be distinguished.
Then the refractive index of the radiator can be chosen such that the heavier particle with mass
m2 does not yet radiate, or is just below threshold, f3~ I/n
2, and n2 = ‘~/(‘y~— 1). Then the
amount of Cherenkov light from the particle with mass m
1 is proportional to
sin
2O = 1 — I/(j3~n2)
which for ~y~ I becomes
sin20~n~c2(m~—m~)/p2
In a radiator of length L, detecting photons with a quantum efficiency of 20%, the number of
photoelectrons is
P 100 Lc2 (m~— m~)/(p2L
0),
where L0 = 1 cm. In order to obtain P = 10 photoelectrons, a length
L/L0 p
2/((m~— m~)c2 10)
is required in the optimistic case assuming that a radiator with exactly the refractive index re-
quired above can be found.
For practical purposes, one uses a combination of threshold counters with different refractive
indices, as indicated in table 6. By using two or more of these counters, pions, kaons and protons
can be identified inthe momentum range given in fig. 43.
Apart from this utilization of the Cherenkov threshold, the angle of Cherenkov emission can
also be measured in order to identify particles. The conical emission pattern around the radiating
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Table 6
Possible choices of Cherenkov threshold counters [LE 81c]
Counter Refractive Radiative Radiator Counter Light
index medium length length yield
A 1.022 Aerogel 20 (cm) 50—100 (cm) 5—6 (e)
B 1.006 ?(Aerogel) 50—100
C 1.00177 Neopentane 30 50
D 1.00049 (N20—C02) or Fr14 100 ~120 ~10
E 1.000135 (Ar—Ne) orH2 185 ~200 5
0.66 2.34 4.5 8.5 15.8 30 57 (GeV/c)
I.
I I I
COUNTERS I
AB _________________ ________ ________
ABC _______ _______ _______ I
ABCDOABDOACD I it
ABCDE F 4 1 H
AB F -j
ABC I I
ABCO I
ABCDE 4 4 K
ABD I I
ACD I- I
AB I I
ABC I 4
ABCO I 4
ABCDE 4 I p
ABD I I I I— I
ACD -j I 1
Tof,t/K
Tot K/p (————-4
lot It/p (-————-1
TOF dotted line indicate best performance
achievable with a classical system
I i i I ittil I situ I i i Ii ti~
0.2 0.5 1 2 5 10 20 50 100
Fig. 43. Domain ofparticle identification for threshold Cherenkov counters as given in table 6 [LE 81c].
particle can be focussed into a ring-shaped image. An adjustable diaphragm at the focus transmits
Cherenkov light emitted in a small angular range into a phototube. Changing the radius of the
diaphragm allows a scan through regions of velocity. Differential gas Cherenkov counters [Li 73 1
correcting for chromatic dispersion in the radiator (DISC) have achieved velocity resolutions of
‘~13/13~l0~.
Since the length of these counters is limited to a few meters, there is a maximum momentum
at which two kinds of particles can be separated (fig. 44). Separation of ir and K mesons at several
100 GeV/c is possible with these devices. A velocity spectrum of charged hyperons in a short beam
from an external proton target is shown in fig. 45, demonstrating separation of these hyperons at
15 GeV/c momentum.
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Fig. 44. Highest beam momentum for i/K separation vs. maximum Cherenkovanglefor threshold, differentialandDISC Cherenkov
counters [LI 73].
An alternative to changing the radius of the diaphragm consists in changing the gas pressure
and leaving the optical system in place.
While the DISC counters can only be used for particles parallel to the optical axis of the de-
tector, a velocity measurement for diverging particles from an interaction region requires a differ-
ent approach. Seguinot and Ypsilantis [SE 77] have proposed the idea of a Cherenkov ring imag-
ing detector (fig. 46). A spherical mirror of radius RM centered at the interaction point focusses
the Cherenkov cone produced in the radiator between the sphere of radius RD and the mirror
into a ring-shaped image on the detector sphere of radius RD. Usually RD = RM /2.
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Fig. 45. Velocity distribution in a short hyperon beam selecting 15 GeV/c particles [LI 73].
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Fig. 46. Principle of ring imagingCherenkov counter [SE 77].
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Fig. 47. Photon detector for ring imaging Chexenkov detector with CaF2 window, three parallel-plane gaps: C for conversion, PA
for amplification, T for transfer, and MWPC. Dimensions in mm [EK 81].
Since the focal length of the mirror is RM /2, the Cherenkov cones of opening angle °c = arccos (1/
(/3n)) emitted along the particle’s path in the radiator are focussed onto a ring with radius r on the
detector sphere. For RD = RM/
2, the opening angle °D of this ring equals Oc, in first approxima-
tion. The radius r of the ring image gives the Cherenkov angle via tan °c = 2r/R, and from this we
obtain thevelocityj3 = I/(n cosOc). The relative error on 13 is ~f3/f3= (tan20~(~O~)2+ (~n/n)2)’/2.
Neglecting the error from the uncertainty in n, one obtains 1~.y/’y= ‘y2f33n sin 0~~ and the mo-
mentum of the particle p = mj3y with error i~p/p= ~y/(y132) [YP 811. The critical point of the
detector is the development of photoionization detectors. At present [EK 811, proportional
chambers with an admixture of photosensitive triethylamine (TEA) are under study. Such a
photon detector is shown in fig. 47. Behind the CaF
2 there are three gaps and a proportional
Fig. 48. Evidence for Cherenkov ring image using multistep spark chamber with TMAE photosensitive gas. Ten events are over-
lapped in the picture; central spot is due to beam [SA 81].
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chamber (PC). In gap C photons are converted by TEA to photoelectrons, gap PA serves for pre-
amplification, gap T for transfer and PC for avalanche multiplication. Three photoelectrons per
incident 10 GeV/c pion traversing 1 m of argon Cherenkov radiator at 1.2 atm. pressure have been
observed. Development of such detectors is continuing. Amongst the possible improvements isthe
study of a new photosensitive gas [NA 72], Tetrakis-dimethylaminoethylene (TMAE), having a
photo-ionization potential of 5.4 eV, lower than the one of TEA, 7.5 eV. Using this vapour, evi-
dence for Cherenkov ring imaging has been obtained as shown in fig. 48, where ten events have
been overlapped in the picture [SA 811.
4.3. Transition radiation detectors
If a charged particle traverses a medium with varying dielectric constant e.g. a periodic series of
foils and air gaps, radiation is emitted from the interfaces between the two materials. This “tran-
sition radiation” (TR) was shown theoretically by Ginzburg and Frank [GI 461 to depend on the
~ factor of the moving particle, thus permitting an identification of particles in the very high
energy region (y> 1000) where other methods fail.
The intensity of this radiation is expected theoretically to have a sharp forward peak at an
angle 0 ‘—j 1/y and to be proportional to y. If a periodic sandwich of many foils is used, interfer-
ence effects [AR 75, FA 75] will produce a threshold effect in y, such that the detector can be
used for discriminating between particles of different mass.
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Fig. 49. Pulse height spectrum of transition radiation in Li foils detected by a xenon proportional chamber [FA 80].
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Practical applications have followed the demonstration by Garibian [GA 73] that TR is emitted
also in the X-ray region. Actual TR counters consist of a radiator followed by a proportional
chamber for the detection of the X-rays emitted forward. Since the absorption of X-rays in the
radiator material behaves as Z3~5,the atomic number of the foils has to be as low as possible. In
the pioneering work of Willis, Fabjan and co-workers [CO 77] the technology of thin lithium (Z 3)
foils has been mastered. As a counting gas for the X-ray detector, xenon (Z 54) has been used.
The pulse height spectrum in a xenon chamber behind 1000 Li foils of 51 ~zthickness is shown
in fig. 49 together with a spectrum from a dummy radiator not producing TR. The pulseheight
from TR can be clearly separated from the one from ionization loss only.
The increase of total radiated TR energy with y is mainly due to an increase in the average X-
ray energy, as shown by the measurements in different Li/Xe-detectors (fig. 50) using electrons
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Fig. 50. Transition radiation measured in axenon/C0
2-filled (80/20) proportional chamber (1.04 thick)behind radiators of differ-
ent geometries traversed by electrons of momentum Pe [CO 77].
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with ~ —~ 2000—6000. From these experiments we can conclude that i) TR detectors at the mo-
ment can be used for y> 1000, i.e. for electrons above 0.5 GeV/c and pions above 140 GeV/c.
ii) The extension of this method below y = 1000 requires the detection of 1—5 keV X-rays.
Recently, Ludlam et al. [LU 81] have shown that an improvement in the separation of particles
can be obtained by not only measuring the total energy deposited by TR quanta but counting
ionization clusters along the track. The number of such clusters from an ionization particle track
obeys a Poisson distribution, while the upper end of an energy loss curve has a very long tail. If
therefore a charged particle below transition threshold has to be separated from a particle with
TR, the region of overlap becomes much smaller for the cluster counting method. Fig. 51 shows
the principle of method [LU 81], and fig. 52 the distributions in cluster number N and in depos-
ited charge Q for 1 5 GeV pions and electrons [FA 81]. Also shown is the pion rejection vs. elec-
tron efficiency for a particular cluster threshold energy of 4 keY, obtained with a detector of 12
sets of 35 ji lithium foils, each one followed by a xenon proportional chamber. The detector has
a total length of 66 cm and a thickness of 0.04 radiation lengths. For a 90% electron efficiency, a
pion rejection of 8 X 1 O~is obtained. The corresponding figure for a radiator made of pure
carbon fibres of 7 jim thickness is 2 X iO~.With a similar detector of 132 cm length, a kaon
rejection of 102 has been achieved for a 90% pion detection efficiency, as shown in the points
labelled Exp.A in fig. 53. Also shown are measurements of Commichau et al. [CO 80] using only
charge measurements (Exp. B). This detector nearly reaches the rejection obtained with the cluster
method in Exp.A.
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Fig. 51. Principle of detection of transition radiation by counting ionization clusters along the track. TR: transition radiation,
D.V.: drift voltage [LU 81].
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Fig. 53. ir/K separation for a given efficiency of K meson detection at 140 GeV/c beam momentum. Exp. A [FA 81] has 24 radia-
tors of carbon fibres followed by Xe chambers, with total length 132 cm, Exp.B [CO 80] has 20 sets of 5 ~tmmylar foil stacks
and chambers, total length 147 cm. Q: charge discrimination, N: cluster counting.
4.4. Multiple ionization measurement
Between the region (7> 1000), where transition radiation can be utilized, and the medium and
low energy domain, y < 100, where Cherenkov counters and time-of-flight measurement are prac-
tical, there is a region of y between 100 and 1000 where neither of these methods is applicable.
Here a new kind of detector is provided by the exploitation of the relativistic rise of the ioniza-
tion energy loss in this domain (see fig. 1). In gases, this energy loss rises by a factor of 1.5, and
very precise measurement is required. Because of the Landau tail from knock-on electrons, the
accuracy in the determination of the mean energy loss (or alternatively the most probable energy
loss) does not improve considerably by increasing the thickness of the detector. However, the
resolution increases if the energy loss is measured in many consecutive thin detectors and if the
large pulse-heights from knock-on electrons occuring in some of the detectors are removed. This
is done by taking the mean of the lowest 40—60% of ionization values. This sampling method
with truncation reduces fluctuations in the mean and permits a measurement of energy loss pre-
cise enough in order to distinguish particles if their momentum is known. As can be seen from
fig. 54, the ratio of most probable energy losses of pions and kaons at 100 GeY/c is 1.05, such
that 7r/K separation at this energy requires a r.m.s. resolution of about 2%. Such a resolution can
be achieved by using several hundred detectors with a total thickness of a few meters of gas. For
128 chambers, by measuring the average of the 40% smallest pulse-heights, a r.m.s. resolution of
a 2.5% has been obtained for 50 GeY pions and protons [LE 78a].
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Fig. 54. Most probable energy loss in one cm of argon (80%)—methane (20%) mixture at STP, for electrons, muons, ir and K
mesons and protons [MA 78].
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Fig. 55. Resolution expected in energy loss measurement as a function of number of samplingsN and detector length L(m). T =
L/N is the thickness of one sampling detector [AD 74].
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The dependence of this resolution on pressure, detector length and number of samplings has
been studied [AD 74]. The simplest statistical scaling law for the relative error on the energy loss
measurement for 3 cm argon sampling is UE 5.6 (L p)’12 % with L being the detector lei~gthin
meters and p the gas pressure in atmospheres. If one includes the sampling thickness, a graphical
form of the relation is obtained (fig. 55). However, detailed measurements show that the increase
in gas pressure does not improve the resolution as expected [LE 8la], (fig. 56). In addition, the
density effect for the ionization leads to a considerable reduction of the relativistic rise (fig. 57).
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Fig. 56. dE/dx resolution obtained [LE Sla] by varying pressure (“Pressure”), by varying number of simultaneous particles
(“Number”) compared to expectation from EPI test [AD 74] at NTP without drift. Truncated mean of 64 samples 4 cm thick.
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These two effects conspire to nearly delete the advantages of high pressure. In fig. 58 the ratio of
distance D between the truncated mean energy losses of two particles and the resolution CE for
ir/p and e/ir pairs is shown as a function of pressure. There is only a marginal gain in going from 1
to 2 atmospheres.
This result is at variance with measurements done in a JADE type test setup [WA 82], where 1
cm samples of 4 atm Ar—CH4 give the resolution expected from fig. 55 for 4 cm samples at 1 atm.
However, on the basis of their results, Lehraus et al. [LE 81 b] propose as a rule of thumb that
an experimental detector will have a resolution equal to the one shown in fig. 55 but reading the
graph for half of the actual sampling size.
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4.5. Comparison of identification methods
The identification methods discussed above are usable in certain momentum domains: the time-
of-flight measurement at low momenta, then threshold Cherenkov counters, DISC-Cherenkovs,
multiple ionization measurement and, at ultrahigh momenta, transition radiation. The length re-
quired for ir/K separation in these detectors is shown in fig. 59. Using a typical detector length of
a fixed target experiment of 30 meters and a length of 3 meters for storage ring experiments, typ-
ical momentum ranges for inK separation are calculated, as shown in table 7. It appears that the
multiple ionization measurement is necessary for bridging the gap between threshold Cherenkov
and transition radiation counters.
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Fig. 59. Length of detectors needed for inK separation by different identification methods vs. momentum.
Table 7
Identification methods
Method Domain for in/K separation Requirements
Fixed target Storage ring
geometry geometry
L30m L3m
Time-of-flight p < 4 GeV/c p < 1 GeV/c = 300 ps
Threshold Cherenkov p < 80 GeV/c p < 25 GeV/c 10 photoelectrons
DISC-Cherenkov p < 2000 GeV/c — achromatic gas counter
Ring imaging Cherenkov p < 65 GeV/c
Multiple ionization 1.2 <p < 100 GeV/c 1.5 <p < 45 GeV/c u~= 2.5%
Transitionradiation 7> 1000 7> 1000 detectionof >10 keV
X-rays
5. Energy measurement
5.1. Electron-photon shower counters
At energies well above 1 MeY, the ionization loss of fast (~3 1) electrons is given by
— (4d~i) = 4inN0 ~ r~mc2 [ln(2mu2’y2/I) — 1]ion
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withr~= (e2/mc2)2 (2.8 fm)2, while the competing loss by bremsstrahlung takes the form
fdE~ N
0 22 183 E
—t—---- i 4a— Zr Eln— :—,\dx/ A e z
113 X
0
brem
where the “radiation length” X0 is defined this way, and m is the electron mass.
While ionization dominates at low energies, bremsstrahlung takes over at high energies, and the
ratio R of bremsstrahlung loss and ionization loss comes out to be R ZE/550, where E is mea-
sured in MeV. The energy at which this ratio becomes unity, the “critical energy” Ec therefore
has the approximate value E~ 550/Z MeV which for lead is E~= 6.7 MeY.
The interaction of photons at high energy is also governed by the radiation length: the cross-
section for pair creation
Upair 4aZ
2r~[~ln(183/Z1/3) —
gives a probability P for pair creation in one radiation length
,Np~Xo_7
Cpair A —;;- ~
Table 8 gives radiation length and critical energy for some materials [PA 78].
The interaction of a high-energy photon or electron therefore leads to a cascade of electrons
and photons; starting with a photon of energy E
0, after 1X0 we have 2 particles of average energy
E0 /2, after nX0 there are 2~iparticles with mean energy E0 /T~.The cascade stops approximately
when the particles approach the critical energy, i.e. if E0 /2’s = E~.
The number of generations up to the maximum therefore is n = ln(E0 /Ec)/ln 2, and the num-
ber of particles at the maximum N~ 2~ E0 /E~.The total integral path length S of all electrons
Table 8
Radiation length and criticalenergy
Material X0 [g/cm
2I E~[MeV]
H
2 63 340
Al 24 47
Ar 20 35
Fe 13.8 24
Pb 6.3 6.9
LeadglassSF 5 9.6 —11.8
Plexiglass 40.5 80
H20 36 93
NaJ (Tl) 9.5 12.5
BI4Ge3O12 8.0 7
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or positrons in the shower is approximately
n
e—
2 V IV.i a?tT —,-~v ~2 \L’ IL’
Li — ~“o ~‘ 5o3~p — ~3”~o 55O’~’~’o1~c
v1
where s
0 is the path length of electrons below the critical energy.
The path length S is proportional to the total energy E0 if electrons and positrons can be de-
tected until they come to rest. In practical detectors there is a minimum kinetic energy required
for detection (cut-off energy Ek). This effect has the consequence [RO 52] that the visible path
length becomes [AM 81]
S=F(z)X0E0/E~
with F(z) ez (1 + z ln(z/1.526)) and z = 4.58 ZEk/(AEc).
Including the effect of the cut-off energy into Monte Carlo [CR 62, NA 65, LO 75] calcula-
tions gives the followingproperties of electron—photon showers:
i) the number of particles at maximum N~is proportional to the primary energy E0,
ii) the total track length of electrons and positrons S is proportional to E0,
iii) the depth atwhich the maximum occurs Xmax increases logarithmically: Xmax/X0 = ln(Eo/Ec)
— t, where t = 1.1 for electrons and t = 0.3 for photons.
The longitudinal energy deposition in an electromagnetic shower can be seen in fig. 60 as mea-
sured [BA 70] for 6 GeV electrons. A useful parametrisation for this distribution is given by
[LO 75]
(dE/dt)E0At° e_Pt
where t~X/X0is the longitudinal depth X in units of X0, and the parameters t~ 0.5, t ~3tmax
and A =
1/~(c~+ 1) vary logarithmically with energy. For proton energies around I GeY, the
distribution can be approximated by (dE/dt) = E
0 0.06 t
2 e”2 for a lead converter.
The transverse dimension of a shower is determined by the multiple scattering of low energy
electrons. It turns out that a useful unit for transverse shower distributions is the Moliere unit RM
= 21 MeV X
0/E~.As shown by the measurements [BA 70] in fig. 61, the distribution of shower
energy in transverse (radial) bins scaled in RM is independent of the material used, and 99% of the
energy are inside the radius of 3 RM.
The energy resolution of an idealized homogeneous detector of infinite dimensions is limited
only by statistical fluctuations. For a cut-off energyof 0.5 MeV and a critical_energy of 11.8 MeV
a total track length of 176 cm/GeV and a resolution cr(E)/E = 0.7%/v’E(G~V)have been com-
puted [LO 75].
If the shower is not contained in the detector, the fluctuation of the energy leaking out gives a
contribution to the resolution. As shown in [DI 80], longitudinal losses induce a larger degrada-
tion of the resolution than lateral ones. An estimate for this fluctuation due to longitudinal leak-
age is a(E) = (dE/dt)tr O(tmax), where tr is the length of the detector and cJ(tmax) the fluctua-
tion of the position of the shower maximum. For photons of I GeY energy, O(tmax) — I and
(C(E)IE)Ieak = 0.06 t~exp(—tr/2). If the number of photoelectrons N~detected per incident
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Fig. 60. Longitudinal distribution of energy deposition in a 6 GeV electron shower; measurements (line) and Monte Carlo calcula-
tion (histogram) [BA 70].
energy E0 is limited, the fluctuation of this number gives an additional contribution to the reso-
lution: a(E)/E— (N~E0Y°~
5.
To these two sources of fluctuations, valid for homogeneous calorimeters, we have to add the
sampling fluctuations if the shower calorimeter consists of a series of inactive absorber layers of
thickness d interspersed with active detector layers (“sampling calorimeter”). If the detectors count
only the number of particle traversals, N, the statistical fluctuation in N determines the contribu-
tion to the energy resolution. Since N depends on the total track length, N =S/d =E
0X0 F(z)/(E~d),
we obtain [AM 81]
(G(E)/E)sampi = Ik/~= 3.2%~(550/ZF(z)) VEO(GeV)~
In high Z materials, the lateral dimension of the showers is much larger than in those with low Z,
since the Moliere unit in units of X0, RM/X0 = 21 MeY/E~,is larger for heavy materials. Conse-
quently also the angle U of electrons and positrons relative to the shower axis is larger [AM 81].
Those shower particles see a larger sampling thickness d/cos 0, and therefore a smaller number of
traversals occurs, reducing further the energy resolution by a factor (cos ~> 1f2~ A Monte Carlo
calculation [Fl 781 shows that the average (cos 0) = cos(21 MeV/(E~ in)) 0.57 for lead. From
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Fig. 61. Transverse distribution of energy deposition in a 6 GeV electron shower; data: points; Monte Carlo: histrogram;RM = 21
MeV Xo/E~is the Moliere unit [BA 701.
this calculation, the sampling fluctuation gives a(E)/E = 4.6%/~/E( V) for 1 mm lead sampling
thickness and Ek = 0.
Another large source of fluctuations enters if the sensitive layers of the calorimeter consist of
a gas or a very thin layer of liquid argon (~2 mm), used as proportional counters. Then low ener-
gy electrons moving at large angles relative to the shower axis induce large pulseheight fluctua-
tions (“path length fluctuations”), and the Landau tail of the energy loss distribution also leads
to a reduction of resolution. The computed effect of these two contributions on the energy reso-
lution of a lead—argon calorimeter can be seen in fig. 62. The overall resolution is 1 8%/\/E(GeV),
more than twice the sampling fluctuation of 7%/~E(GeV).
Homogeneous shower counters
The best resolutions are obtained with anorganic scintillating crystals. NaJ(Tl) detectors with
a diameter of 3RM = 13 cm and l5X0 = 40 cm length have yielded [PA 80] a resolution of
a(E)/E = 2.8%(E(GeV))°~
25in a large scale application. For one 24X
0 long counter a(E)/E
= 0.9%(E(GeV))°~
25has been achieved [HU 721. The new type of crystal,_BGO(B
4Ge3O12)
gives 8% of the light output of NaJ, and a resolution of cr(E)/E = 2.5%/v’E(GeV) [KO 81].
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Fig. 62. Contributions of sampling, path length and Landau fluctuations to the energy resolution of a lead—gas quantameter
[Fi 78].
Lead glass counters detect the Cherenkov light of shower electrons, the resolution is limited by
photoelectron statistics. A computation [PR 80], based on 1000 photoelectrons per GeY, gives
a(E)/E = 0.006 + 0.03 (~E)°~5,~ being the ratio of photocathode area and counter exit area. Ac-
tual measurements [BI 81] with 208 blocks of 36 X 36 X 420 mm3 give a resolution of a(E)/E
= 0.012 + 0.053/\/E(GeV) for ~ = 0.35, in agreement with the calculation.
Sampling shower detectors
The resolution of a lead-scintillator sandwich with 1 mm lead and 5 mm scintillator thickness
for a total length of 12.5 radiation length is shown in fig. 63 versus incident energy [HO 791. The
values for A = a(E)/-~J~vary from 7% GeY”2 at 100 MeY to 9% GeV’12 at 5 GeY, in agreement
with a calculated 5% GeY”2 from sampling fluctuations, 3—4% GeV”2 from photoelectron
statistics, and 2—5% GeV”2 from leakage.
In lead—liquid argon calorimeters, the ionization is sampled in a proportional mode by the
argon chambers defined by two lead plates as electrodes. Resolutions for 2 mm Pb plates and
3 mm liquid argon are a(E)/E = 1 2%/..JE(GeV) [KA 811..
A summary on the energy resolution obtained with electron—photon shower counters is given
in table 9.
Position resolution
The impact point of an electron or photon on an array of shower counters can be obtained by
measuring the lateral distribution of energy in the shower. The precision of the position informa-
tion increases with the number of cells hit by shower particles, and decreases with the cell size.
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Fig. 63. The quantity u/.~JE(GeV)vs. E for a lead scintillator sandwich with 1 mm lead plates. Full line is contribution of leakage
[HO79].
In particular, the accuracy is best if the shower energy is shared equally between two adjacent
cells. Binon et al. [BI 81] using cells of 36 X 36 X 420mm3, have obtained a position resolution
of a~= 1.3 mm for 25 GeV electrons. For a lateral cell size d> 30 mm, an experimental increase
of ax is calculated (fig. 64) by these authors. On the other hand, a variation of a, ~ IWE has
been found [AK 77], confirming the assumption that the spatial resolution depends mainly on
the number of shower particles.
With lead-scintillator sandwiches of 10 X 10 cm2 lateral dimensions [HO 79], the measured
spatial resolution was a, = 11 mm/’,/E(GeV).
Table 9
Electromagnetic shower counters
Type Sampling Total a(E)/~J~ Spatial Angul Lateral Group Ref.
thickness thickness %(GeV’12) resol. ~.x resol. cell size
(Xe) (Xo) (mm) (mm)
Na J — 24 0.9 E114 [HU72]
Na J — 16 2.8 E”4 Crystal [PA 80, K! 79]
ball [CH 78b]
Pb glass F8 — 17 5.3+ 1.2~/Zr 1.3 36 X 36 IHEP [B181]
Pb glass SF5 — 12.5 s162 + 2.52E 6 10 mrad 80 X 104 JADE [DR 80, BA 79]
Pb glass SF5 — 20 ~J62+ 0.52E 2 NA 1 [NA 1]
Pb/scint 0.18 12.5 7—9 11WE(GeV) 100 X 100 ARGUS [HO79]
Pb/scint. 0.21 13 9 25/,JE(GeV) 200 X 250 LAPP—LAL [SC81]
70 X 70
Pb/LAR 0.36 13.5 10—12 5 5 mrad + strips TASSO [KA81]
20 mm
Pb/LAR 0.26 21 10 4 4mrad 23X23 CELLO [BE 81]
Pb/LAR 14 11.5 Mark!! [DA79]
Pb/PWC 0.5 12 16 Mark III [H!811
Pb/prop.tube 1 28 13—18 pitch 7.7 NA 24 [BA81]
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Fig. 64. Position x.m.s. resolution as a function of transverse block size d for an array of leadglass blocks. Full line: average over
photon impact points across the block; dotted line: photon impinging on centre of block. Point: measured resolution ford 36
mm [B!81].
5.2. Hadron calorimeters
The scale for the spatial development of a hadronic shower, the inelastic production of second-
ary hadrons, which again interact inelastically producing tertiary hadrons, and so on, is given by
the nuclear absorption length X. From the inelastic cross-section a, A = A/(aN0p) can be obtained.
The experimental values of A for materials usable for calorimetry are 77 g/cm
2(C), 135 g/cm2(Fe),
210 g/cm2(Pb) and 227 g/cm2(U). Compared to the small values for the radiation length of high Z
materials enabling the construction of correspondingly small shower counters, the size of hadronic
showers is large; typical values for Fe calorimeters are 2 meters depth and 0.5 m transverse size.
The need for such sizes is demonstrated by the measurements [HO 78b] on the longitudinal shower
development shown in fig. 65, where the center of gravity, the length for 95% energy containment
and the length, where the average particle number goes below one (“shower length”) are displayed
as a function of incident pion energy for a 5 cm Fe sampling calorimeter. A parametrization of L
(95%) can be given: L(95%) = [9.4 ln E(GeV) + 39] cm Fe. In a similar way, fig. 66 gives lateral
shower sizes for 95% energy containment;
Apart from the hadron shower particles leaking out longitudinally or laterally, the energy seen
in a sampling calorimeter for hadrons is incomplete for several reasons: -
i) there are particles escaping the calorimeter carrying away energy, like muons and neutrinos
from pion decay (1% at 40 GeY),
ii) there is nuclear excitation and breakup resulting in low energy ‘y rays or heavy fragments,
which do not reach the sensitive part of the sandwich (20—30% of total energy at 10 GeV).
This loss of visible energy, typically 30%, can be seen by comparing the light collected from
electron- and hadron-induced showers in iron (fig. 67). Since in a hadronic shower the electromag-
netic component can occasionally be dominant through energetic in0 production, this loss induces
a fluctuation in response which contributes significantly to the resolution.
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Fig. 65. Shower center of gravity in iron, length for 95% en-
ergy containment and length where average particle number Fig. 66. Lateral dimension for 95% energy containment as a
goes below one as functionof pion energy [HO78b]. function of depth in iron [HO78b].
On top of this fluctuation there is the sampling fluctuation which alone gives rise to a resolu-
tion about twice as large as in electromagnetic showers (see 4. 1). However, the effects of the fluc-
tuation in energy leakage and in the electromagnetic component of the hadronic shower are much
larger here and lead to energy resolutions of about
o(E)/E ‘~‘ (0.9 — 0.5)WE(GeY),
if the thickness of material between the sampling devices (“sampling thickness”) is below 5 cm of
iron.
Two ways of improving this resolution have been invented and tried out successfully:
i) The loss of visible energy through the nuclear excitation and breakup mechanism can be
nearly completely compensated by the energy release in nuclear fission of 238U. Energetic photonsfrom the fission contribute to the observed signal such that the pulseheight for hadron showers
becomes nearly equal to the one for electromagnetic showers, as shown [FA 77] in fig. 67. The
corresponding fluctuations disappear, and the energy resolution decreases by about a factor of
144 K. Kleinknecht, Particledetectors
3 - : : .“ U238
Fe! LAp
. ~t
U 238/LA V
‘p ‘-9 —
~ 2-
7/ 7
V ‘— 0~
1-
—7
0-~
I I I I I I
5 10
Available Energy [0eV]
Fig. 67. Detected energy deposition in sampling calorimeters of Fe and U for electrons, pions and protons vs. particle energy
[FA77].
two. Experimental results for U calorimeters are shown in fig. 68, they correspond to
u(E)/E = 0.3/~JE(GeV),
which is only 50% higher than the lower limit given by sampling fluctuations.
30 x Fe 11.5mm)
U (1.7mm)
50 E— 100 150GeV
Fig. 68. r.m.s. energy resolutions obtained with hadronic sampling calorimeters; Fe (1.5 mm) and U (1.7 mm): [FA 77]; Fe
(25 mm): [HO78b] and [AB81].
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ii) Another method [DI 79, AB 81] reduces the fluctuation due to the electromagnetic compo-
nent by weighting the response in individual counters. Electromagnetic parts of the shower are
localized, therefore producing very large depositions in individual counters. If the measured re-
sponse in one counter Ek is corrected downwards for large response, E~= Ek (1 — CEk), then the
resulting resolution in the sum ~ E~is markedly improved over the one in ~ Ek,as shown [AB 811
in fig. 69 for a 2.5 cm Fe sampling calorimeter exposed to 140 GeV/c pions. The resolution dis-
played in fig. 68 can be approximately described by
a(E)/E = 0.58/sJE(GeV)
between 10 and 140 GeV/c.
If the sampling thickness is larger, the sampling fluctuations increase and the resolution alE in-
creases with d; fig. 70 gives some measurements.
These data (obtained without the weighting procedure) can be parametrized using an empirical
formula [AM 81], a(E )2 /E 0.25 + (R’ )2 (4 t/3), where t is the sampling thickness in units of X0,
t = d/X~,and the parameter R’ comes out to be 30—40%. It appears that a reduction of d below
2 cm of iron does not considerably_improve the resolution any more, and that the limiting resolu-
tion for d -+ 0 is around 0.5/V’E(GeV).
1600 - Electrons — Hadrons Hadrons
corrected uncorrected
1400 -
15 0eV/c 75 0eV/c 140 0eV/c
1200-
r’~
~1000-
5’ IL
~800- ~ L
.0
E
I I
Z I600- I,
400 -
200-
L
—— . -~ , ~ . I
ido 500 lOOC)
E (nep)
Fig. 69. Pulseheight spectra (in n.e.p.) for electrons andhadrons in a 2.5 cmsampling calorimeter [AB 81]
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Fig. 70. r.m.s. hadronic energy resolution for iron calorimeters with different sampling thickness; J.P. Dishaw [DI 79]; CDHS 1
[H078b];CDHS2 [AB81].
The sampling of ionization in hadron calorimeters can be done by scintillators liquid argon ion-
ization chambers, proportional chambers, or flash tubes. The choice between these detectors de-
pends on the desired resolution, granularity and cost. For moderate-sized geometries, liquid argon
and scintillators are used for best resolution. For very large fine grain calorimeters (ye scattering,
proton decay), the proportional tubes or flash tubes give granularities down to 5 mm X 5 mm at
a price which still allows the construction of multi-hundred ton calorimeters.
5.3. Monitoring of calorimeters
In a typical large-scale calorimeter there will be several thousand channels of analog pulseheight
information which is converted to digits and registered. A severe problem with such a number of
channels is their calibration and monitoring.
The calibration can be done by using suitable hadron beams and calibrating the response of the
calorimeter, where for each sampling detector the pulseheight is measured in terms of minimum
ionization deposited by high energy muons.
If there are not as many muons in each sampling detector as are needed for day-to-day monitor-
ing, another source of calibrated pulseheights is needed. For liquid argon calorimeters, such a
source is obtained by depositing a known amount of charge into the ion chamber. The same can
be done for proportional chambers.
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For scintillation counters, a novel kind of monitoring systems has been constructed recently
[GR 80, El 80]. The light source here is a pulsed nitrogen laser emitting at 337 nm. There are dif-
ferent schemes of distributing the light onto a few thousand counters.
In one of the systems [GR 80], built for the UA1 experiment, the laser light is injected into a
rectangular box covered inside with a highly reflecting material (millipore). After many reflections
inside the light is diffuse and leaves the box through quartz fibers of 200 j.tm diameter. This fiber
has attenuations of —400 db/km in the UY. Each of the 8000 fibers is connected to a plexiglas
prism glued to the center of the scintillator. The UV light pulse then produces scintillation light
which reaches the photomultiplier and produces a digital pulseheight.
In another system [El 80], designed for the improved CDHS detector, the laser beam passes
through a filter, is widened up optically, and then illuminates a scintillator piece glued onto a
plexiglas rod (fig. 71). The blue POPOP light emitted isotropically from the scintillator travels
down the rod by internal reflection and is partially accepted by the 2304 fibers grouped into 144
bundles of 16, each bundle in one connector. The homogeneity of illumination of the fibers is
within 1%. A mechanical mask moving across in front of the connectors permits one group of
192 fibers at a time to be illuminated. This is required by the number Of ADC channels available.
The transmission of the fibers of 200 ~tmdiameter (QSF 200 A) is 180 db/km for the blue scintil-
lator light, such that over a length of 25 m the attenuation is a factor of 2.8. Each fiber is con-
nected to a light guide through a small (4 mm dia.) cylindrical rod. With this system, by exchang-
ing filters of different density on a “filter wheel”, the linearity of all tubes can be measured in a
dynamic range from 1 to 2000 times minimum ionization. The absolute calibration is done by
comparing one of the fiber outputs to the standard light from an a source embedded in a scintil-
lator.
D)STRIBUTOR FILTERSYSTEM LASER
~~:;: II I
Connectors Scinti(Lotor Lenses Mirror +Joulemeter
Fibers Wheels
50cm
Fig. 71. Dortmund laser calibration system [El 801.
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6. Momentum measurement
6.1. Magnet shapes for fixed target experiments
In a fixed target interaction, the reaction products are usually concentrated in a cone around
the incident beam direction (z), because of their limited transverse momenta and the Lorentz
boost for longitudinal momenta. If such a particle with momentum (Fr, P~~ traverses a homo-
geneous magnetic field (0, B~,0), it receives a transverse momentum kick
1~P~= —e fB~dz,
which gives for a field integral of 10 kG Ifl atransverse momentum change of 0.3 GeV/c. The cor-
responding deflection of the particle is inversely proportional to its momentum, and a measure-
ment of the projected angles in the (x,z) plane yields, in the simplest approximation, the momentum
P = e fB~dz/(sin O~— sin 0out)~
If the magnetized volume is evacuated and the multiple scattering in the position detectors is neg-
lected, the error in momentum, .SP, comes from measurement error ~x in the chambers alone
t5P/P— 2(P/~P~)(~x/L),
if the lever arm for the angle measurement before and after the magnet is L. For a field integral
of 50kG m, 6x = 0.3 mm and L = 3 m this gives ~P/P — 1.3% at 100 GeV/c.
£~AIR~I) _
©Cd
Fig. 72. Magnet shapes for fixed target experiments, (a) H-magnet, (b) C-magnet, (c) toroidal iron core magnet, (d) H-type iron
core magnet.
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These “air core” magnets come in different forms (fig. 72): H-magnets have symmetrical flux
return yokes, C-magnets asymmetrical ones (and a less uniform field). The amount of iron in the
flux return depends on the desired field strength in the air gap. For a cubic magnetized region,
the volume of iron needed, VFe, relative to the magnetized air gap volume VMag for different field
strength B in the gap is shown in fig. 73. If B has to reach the saturation field strength B~,then
VFe/VMag ‘—‘ 3, which is very uneconomical. More usual magnets have B/B5 ~ to ~-
If the particles to be analyzed are high-energy muons, a more economical form of magnets are
“iron core” magnets (1CM). Here the field lines stay completely within iron, either in the form of
a toroid, where the field lines are circular around a central hole for the coils, or in a kind of H-
magnet, where the central region is also filled with iron (fig. 72). The momentum resolution here
is limited by multiple scattering of the muons in iron and the measurement error of the muon
track. Multiple scattering results in a mean transverse momentum change of
~pMS 21 (MeV/c)~/Z7~,
where L is the length of iron traversed.
The momentum resolution is given by the ratio ~pTMS/pT and is therefore independent of the
momentum. The resolution improves with the length of the 1CM as ~/Z, and is 12% at L ‘~ 5 m if
the position measurement error is smaller than the error by multiple scattering. For high momenta
(P> 100 GeV/c) this is not the case, since the momentum resolution from measurement error in-
creases linearly with momentum. For a position error of 1 mm in drift chambers after every 75 cm
of iron ~~1~/1~)meas 12% at 100 GeY/c, equal to the error by multiple scattering. The error
(AP/P)meas decreases with a 5/2 power of the magnet length L, because not only the bending
power and the lever arm increase with L, but also the number of measurements along the track.
Fig. 74 gives these two contributions to the momentum resolution for differenth length of iron
core magnets.
VE, /VMQ9
0 ‘ 05 ‘ ‘ 1
Fig. 73. Volume of iron VFe needed per magnetized volume used in experiment for iron core magnets (1CM) and air core magnets
(ACM) vs. magnetic flux density B in units of saturation density B~.
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Fig. 74. Momentum resolution for iron core magnets for different iron length, L. Contributions from measurement and multiple
scatteringare given separately.
6.2. Magnet shapes for storage ring experiments
Interaction rates in colliding beam experiments are notoriously low, and 4ir solid angle cover-
age is very desirable. Various magnet geometries are imaginable (fig. 75).
i) Dipole magnet with two compensators to keep particles in orbit: uniform field, good ana-
lyzing power in the forward/backward direction, bad analyzing power for particles emitted paral-
lel to the field lines; synchroton radiation of the beam is prohibitive for e~e rings.
ii) Split-field dipole magnet: good resolution in the forward direction, very inhomogenous
field at 90°,complicated track fitting procedure; synchroton radiation in eF e rings; being used
at the ISR.
iii) Toroid: the inner current sheet or copper bars have to be crossed by particles before mo-
mentum analysis, momentum resolution is affected for low energy particles, advantage: no field
in beam region.
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DIPOLE TOROID
SPLIT FIELD SOLENOID
Fig. 75. Magnet shapes for storage ring experiments; lines are currents.
iv) Solenoid: no force on beam particles, good analyzing power for particles emitted at 90°;
access to inner detector only through end caps.
For proton (and antiproton) storage rings, split-field and dipole magnets are being used as well as
solenoids, while for electron—positron rings the solenoid has been most widely chosen. In general,
storage ring detectors resemble each other much more closely than the detectors at fixed target
machines.
6.3. Central tracking detectors
For the solenoidal fields used at electron—positron storage rings, momentum measurement is
usually done in a central tracking detector around the interaction point. This detector has cylin-
drical shape with cylinder coordinates; radius r, azimuthal angle Ip, and z along the magnetic field
which is parallel to the cylinder axis. If the measurement error in the r, p plane perpendicular to
the field is a~52,the momentum component in that plane PT, is measured with an error [GL 63]
(~~.!)= (aT~,pT/(O.3BL2))~/720/(N+4),PT
where B is the flux density in Tesla, L the radial track length in meters and N the number of mea-
sured points along the track at uniform spacing.
In addition to this measurement error, there is the error due to multiple scattering
(—_!.) = (0.05/BL)~Jl.43L/X
0
PT
For reconstructing the total momentum of the track, p PT/sin 0, also the polar angle in a plane
containing the cylinder axis has to be measured.
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The error coming from the measurement error in the z-coordinate, u~,is
(ao)m =-Til~N(~J~
and the one from multiple scattering
(~O)ms=0.015 \1E7~.
It appears from these relations that the momentum resolution improves with L2 and B, but that
an increase in the numberN of measured points gives only an improvement with V’N.
The three cylindrical drift chamber types described in sections 2.4, 2.5 and 2.6 have been used
as central detectors. Some of their properties are listed in table 10.
In two of these detectors energy loss is measured in conjunction with the tracking information.
The momentum resolution is in the range .Ap/p2 (l.5—5.0)%.
Table 10
Central tracking detector properties
Name Ref. Meas. track length Flux No. Gas Sense Spat. resol. Method Mom.
density sampL press. wires ofz meas. resol.
radical axial (T) (bar) a(r, ~) a~ op/p2%
L (cm) z (cm) (jim) (mm)
calc. meas.
TASSO [BO80] 85 330 0.5 15 1 2340 200 3—4 4°stereo 1.7
CELLO [BE 811 53 220 1.3 12 1 6432 170 0.44 cathodes
CLEO [ST 81] 75 190 0.5 (1.5) 17 1 250 5(0.25) 5
MARK II [DA79] 104 0.4 16 1 200 4 1.9
JADE [DR 80] 57 234 0.45 48 4 1536 180 16 charge 2.2
div.
AFS [CO 81] 60 128 0.5 42 1 3400 200 17 charge
div.
UA1 [BA8O] 112 250 0.7 —100 1 6100 drift:250~m
ch. div. 8—25 mm charge
div.
TPC [NY 81] 75 100 1.5 186 10 2232 <200 0.2 drift 1.0
+13824
TRIUMF [HA 81a] 54 69 0.9 12 1 144 (600) (0.6) drift
+630
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7. Realization of detector systems
Detectors of the kind described in the foregoing sections are assembled for specific experiments
which nowadays reach big dimensions (-‘-50 m length), large mass (up to 2000 tons) and huge
complexity (up to 10~channels of analog and digital information). It is evident that there is a
great variety and versatility of experiments at fixed target proton machines, because there are so
many variations in experimental conditions possible: different incident particles, different targets,
different energies, different interactions (weak, electromagnetic, strong). On the other hand, the
higher c.m. energies at colliding beam machines and particularly the cleaner experimental condi-
tions at electron—positron storage rings have enabled important discoveries with these machines
(SPEAR and PEP at Stanford, DORIS and PETRA at Hamburg, CESR at Cornell). This evolution
may continue with the proton—antiproton collider at CERN in 1981 and at FNAL in 1984,
Isabelle at Brookhaven, the Large Electron Positron Machine (LEP) at CERN and the Electron
Proton Projects at DESY (HERA) and lit KEK (Tristan).
Out of the large number of detector systems in use or being built presently, I have chosen four
examples.
7.1. A hadron beam detector
This experiment (NA 5 at CERN [NA 5]) uses a hybrid detector (fig. 76). A hadron beam from
the SPS impinges on a hydrogen target, embedded in a large dipole magnet. Particles from the
EXPERIMENTAL LAYOUT HORIZONTAL
~ ~ __
~ _
r~__
Vertex
dipole magnet
Target Streamer Multiplicity Magnetostr. 1 m
chamber MWPC chambers
Fig. 76. Experimental layout of Na 5 hadron experiment [NA 5].
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interaction vertex are bent by the field and analyzed in a streamer chamber. Large multiplicities
of charged particles do not hinder the performance of the chamber (see fig. 26). The momentum
measurement is further improved by the eight large (6 m wide) magnetostrictive spark chambers.
A trigger on jets and their analysis is made possible by the hadron calorimeter [EC 77], whose
angular range can be changed by moving it back and forth on rails. The experiment- searches for
jet structure in hadron—hadron reactions at high transverse momentum.
7.2. A neutrino detector
Since the neutrino nucleon total cross-section is only 1036 cm2 at 100 GeV neutrino energy,
neutrino detectors have to be massive. This detector (fig. 77) of the CERN—Dortmund—
Heidelberg—Saclay-Collaboration [HO 78a] uses the target weight of 1500 tons of iron, arranged
in circular plates of 3.75 m diameter, for three other functions:
i) 75 cm of iron thickness are combined to form a toroidal magnet,
ii) between the iron slabs of 5 cm (for 7 magnets) or 1 5 cm (for 8 magnets) 8 scintillators
viewed by 16 photomultipliers sample the ionization energy deposited by hadronic showers,
iii) the range in iron enables identification of muons. Between two magnets, driftchambers
[MA 77] with 3 planes of wires strung in 120°sequence measure the muon momentum to
about 1 0%. The detector has recorded so far about 3 X 106 neutrino interactions, with zero,
one, two, three and four muons.
For future experiments, a part of the detector is being rebuilt (fig. 78) with 2.5 cm iron plates
and a finer scintillator mesh (15 cm wide strips in both directions).
CDHS NEUTRINO DETECTOR
BEAM - - ~
15 MAGNETIZED IRON-SCINTLLATOR CALORIMETERS 19 DRIFT CHAMBERS
lOm -I
Fig. 77. Experimental layout of CDHS neutrino experiment [HO 78a].
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Fig. 78. New toroidal magnetic calorimeter of CDHSW collaboration.
7.3. A proton storage ring detector
For the proton—antiproton collider at CERN, one of the detectors is the UA 1 experiment
[UA 1]. Fig. 79 shows a sketch of this enormous apparatus: a dipole field configuration with two
compensator magnets was chosen. The central detector uses image readout similar to the TPC,
but in a different geometry, because the magnetic field lines are perpendicular to the beam direc-
tion. The E and B fields are not parallel here, such that the improvement on diffusion broadening
during drifting does not apply, and a drift space of 20 cm is used. From about 10000 wires pulse-
heights and time information is read out to get a spatial mis resolution of 250 pm and a dE/dx
measurement. The central detector (radius 1.2 m, length 5.7 m) is surrounded by an electromag-
netic calorimeter inside the magnetic field and by the hadronic calorimeter embedded in the pole
pieces of the dipole magnet. The wavelength shifting technique is used for the light collection
from the 8000 scintillators. The detector is covered on three sides by muon detectors (fig. 80).
156 K. Kleinknecht, Particle detectors
EXPRIMENTAL APIEA FOR V-~IN LONG STRAIGHT SECTION 5 cc TH~SPS
_Veiical section in beam directIon.
1098 5463245 8910
N ~ \ L ~m I ~1
__ * _ //_ -
1 —~ ~ I ~ ~ SPStwi~t
Fig. 79. Side view of UA 1 detector at antiproton-proton coilider [UA 1]: 1. central detector with image readout, 2. large angle
calorimeter and magnet yoke, 3. large angle shower counter, 4. end cap shower counter, 5. end cap calorimeter, 6. muon detector,
7. aluminium coil, 8. forward chambers, 9. forward shower counters and calorimeters, 10. compensator magnet.
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Fig. 80. Perspective view of UA 1 detector.
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According to the preliminary measurements [AL 821 the particle multiplicity in hadron—
hadron collisions seems to rise logarithmically up to 540 GeV center-of-mass energy; the typical
number of charged secondaries is around 25. Each of the events recorded by this detector will
contain more than l0~bits of information. On-line data reduction will become very important
for this enormous mass of information.
7.4. An electron—positron storage ring detector
One of the detectors at the PETRA storage ring is the JADE detector [BA 79, DR 80] (fig. 81).
Around the interaction point, tracks are recorded in a central detector (section 6.3) of pictorial
drift chambers (section 2.5) embedded in a 0.45 Tesla solenoidal field. Track coordinates in the
(r, p) plane are measured with an accuracy of 180 pm, and the momentum resolution is ~p/p2 =
2.2% (GeV/c)~.The central detector also measures dE/dx. The field is produced by a 7 cm thick
aluminium coil, 3.5 m long, 2 m in diameter. Outside the coil, electron and photon energies are
measured in an array of 2520 wedge-shaped lead glass counters, grouped in 30 rings of 84 ele-
ments. Together with the lead glass counters on the two endcaps, they cover 90% of the total
solid angle. The magnetic flux of the solenoid returns through the iron covering the cylindrical
detector from all sides as a rectangular box. The iron forms part of the muon absorber, of total
thickness 785 g/cm2 or six nuclear absorption lengths. Penetrating tracks are registered by 4 layers
of planar drift chambers.
8. Conclusion
During the last ten years, a lot of progress in detector technology has been achieved, and the
discoveries during this exciting time of particle physics would not have been possible without it.
Developments will go on: the precision of position measurement in large detectors may be im-
proved by a calibration with nitrogen laser beams, with planar spark counters the precision of
time-of-flight measurements could improve, the Cherenkov ring imaging technique may become
usable, electromagnetic shower counters would shrink in size if BGO could be produced at reason-
able cost, and data processing will become more efficient by using microprocessors andspecialized
32-bit emulators.
It will be necessary and possible to construct for the new generation of accelerators and storage
rings general purpose detector systems of the enormous size and complexity of, e.g., the UA 1 ex-
periment. These experiments require large experimental teams for construction, maintenance, run-
ning and data analysis. It is an open question whether this is an unavoidable consequence of the
physics questions at these accelerators and storage rings, or if there is still a reasonable chance for
smaller specialized experiments to contribute significantly to the progress in elementary particle
physics.
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